We present a measurement of the 1S − 2S transition frequency in atomic hydrogen by two-photon spectroscopy yielding f 1S−2S = 2 466 061 413 187 035 (10) Hz corresponding to a fractional frequency uncertainty of 4.2×10
INTRODUCTION
For the last five decades precision spectroscopy on atomic hydrogen along with hydrogen's calculable atomic structure have been fueling the development and testing of quantum electro-dynamics (QED) and have lead to the precise determination of the Rydberg constant and the proton charge radius. 1 Here, the 1S − 2S transition with its natural line width of only 1.3 Hz has been measured so precisely 2 that it now serves as a corner stone in the least square adjustment of fundamental constants. 3 Furthermore, it has been used to set limits on a possible variation of fundamental constants 4 and violation of Lorentz boost invariance. 5 It promises a stringent test of the charge conjugation/parity/time reversal (CPT) theorem by comparison with the same transition in antihydrogen. 6 
SETUP
In this section, the general setup shall be described. It follows the principle of two-photon spectroscopy for a Doppler-free excitation of the 1S − 2S transition with two 243 nm photons. 
Lasersystem and Frequency Measurement
A detailed description of the laser system as shown in Figure 1 can be found in this reference. 8 The radiation of an extended cavity diode laser (ECDL) near 972 nm in Littrow configuration with an extended cavity of 24 cm length and an intra-cavity electro-optic modulator (EOM) is amplified in a tapered amplifier (TA). The spectroscopy light is subsequently doubled twice using second harmonic generation conducted in enhancement cavities to increase efficiency. From 650 mW in the infrared we obtain 15 mW of power in the ultraviolet near 243 nm. To obtain a line width below 1 Hz (at 972 nm) and a fractional frequency drift of 1.6 × 10 −16 s −1 we stabilize the laser to a high finesse cavity. The football-shaped cavity spacer is made from ultra-low expansion glass (ULE) stabilized at its critical temperature at which the thermal expansion coefficient exhibits a minimum to reduce temperature sensitivity. 9 The laser frequency can be tuned with respect to the cavity using an acoustooptic modulator (AOM 1). Orienting the cavity in an upright position mounted on the gravitational mid plane minimizes the sensitivity to vertical vibrations, e.g. for an acceleration pointing downwards the lower part is compressed the same way the upper part is extended resulting in no net length change. Figure 1 . The light of an extended cavity diode laser (ECDL) with an intra-cavity electro-optical modulator (EOM) for slow and fast feedback is amplified in a tapered amplifier (TA) and then frequency doubled twice (×2). The laser frequency is stabilized to an ultra-stable high finesse reference cavity and counted by a femto-second frequency comb referenced to an active hydrogen maser. The laser's frequency can be tuned with respect to the reference cavity by an acousto-optic modulator (AOM 1). For frequency counting we use continuous Klische+Kramer counters (K&K counters).)
EOM
To measure the instantaneous frequency of the reference cavity we split part of the light to beat it with a comb line of an Er-doped fiber frequency comb. The comb operates at a repetition rate of f rep = 250 MHz. We phase coherently stabilize the comb to an active hydrogen maser using the repetition rate's forth harmonic at 1 GHz and the carrier envelope phase at 30 MHz directly. For good long term stability, the maser is calibrated with the mobile cesium fountain clock FOM. 
Hydrogen Spectrometer
The hydrogen spectrometer has been used before (e.g. this reference 12 ) and is shown in Figure 2 . Molecular hydrogen is dissociated in a radio frequency (rf) discharge at a pressure of 1 mbar. A Teflon capillary then reduces the hydrogen flow and Teflon tubing is used to guide the hydrogen to a cold copper nozzle. We use a flow cryostat to cool the nozzle to 5.8 K to reduce the mean velocity of the hydrogen atoms. The hydrogen beam is defined by two apertures. The front aperture has a diameter of 2.4 mm and the rear aperture of 2.1 mm. The apertures are also used to separate the differentially pumped excitation region at 1 × 10 −8 mbar from the low vacuum source chamber at 1 × 10 −5 mbar. The standing wave for driving the two-photon 1S − 2S transition is built up along the atomic beam axis in an enhancement cavity with a finesse of 120. Those atoms excited to the 2S state are detected in the 2S detector further downstream. Here, a small electric field is used to mix the 2S and 2P state which promptly decays emitting a Lyman-α 121 nm photon which is detected by a photo-multiplier tube (PMT). The excitation region is shielded against stray electric fields by a grounded Faraday cage coated with graphite.
In the setup, there are several elements to reduce or characterize systematic uncertainties. First, a quench laser near 486 nm which is in resonance with the 2S − 4P transition is used to reset 2S atoms which have been excited within or close to the nozzle. This reduces possible dc Stark and pressure shifts. Second, we use a photo diode (PD) connected to an integrating sphere to monitor the transmission of the enhancement cavity. Third, we introduce a chopper wheel into the path of the excitation laser. This allows time resolved detection. After the excitation light has been switched off by the chopper we wait for certain delays τ to let the fastest To scan over the resonance line, the laser probes the transition at optical frequencies in a random order to avoid possible systematics associated with the scan direction. At each laser frequency we alternate between two laser power levels by using a double pass AOM operating in zero order (see Figure 1 , AOM 2). The two simultaneously recorded lines allow us to cancel the ac Stark shift (see below). In total we recorded 1 587 lines during ten days of measurement in May and June 2010.
DISCUSSION OF SELECTED CORRECTIONS AND UNCERTAINTIES
In this section we want to discuss selected systematic effects, how they are corrected, and what are the associated uncertainties. The magnitude of all uncertainties are expressed as fractional frequencies, normalized by f 1S−2S ≈ 2.466 × 10 −15 and are summarized in Table 1 .
The main systematic effects are the second order Doppler effect and the ac Stark shift due to the 243 nm excitation light. We correct these two effects in the following way. Each experimental line is fitted with a Lorentzian which represents a good approximation of the line shape for delays τ 4 = 610 . . . 810 μs and higher. Then, we subtract the quadratic ac Stark shift 13 as obtained from simulation. We then add a power dependent second order Doppler effect correction calculated from the central velocity extracted from measured 2S velocity profiles by a Gaussian fit. Extrapolating linearly to zero intra-cavity power gives the unperturbed frequency. This line shape model has been verified on the 1.8 × 10 −15 level using artificial data generated by a Monte Carlo (MC) simulation 13, 14 for various simulation parameters such as temperature, geometry and initial velocity distribution.
ac Stark Shift
Ionization of 2S atoms by a third 243 nm photon and the various laser intensities that the atoms sample causes the ac Stark shift of the 1S − 2S transition to be non-linear. 13 Considering excitation powers of up to 300 mW with a 1/e 2 waist radius w 0 = 292 μm the quadratic term in the Taylor expansion of the ac Stark shift is on the order of 20 × 10 −15 . We extract the quadratic coefficient from a MC simulation assuming a Maxwell distribution for the 1S atoms at 5 K. Since the overall correction is small, it is sufficient to know the absolute power within 20 % which causes an uncertainty of 0.8 × 10 −15 . The linear contribution of the ac Stark shift is corrected by extrapolation to zero excitation power. Therefore, it is sufficient to have a stable but otherwise not calibrated power measurement which is readily provided by the photodiode connected to the integrating sphere.
Second order Doppler Effect
To correct the second order Doppler effect Δf dp = −v 2 /(2c 2 )f 1S−2S , an accurate understanding of the velocity distribution is desirable. Previously, this information has been extracted from the line shape of the 2S spectra with an uncertainty of 8 × 10 −15 .
2 Here, we measure the 2S velocity distribution directly via the first order Doppler effect on the 2S − 4P one photon transition which we excite under an angle of 45
• near 486 nm (Doppler laser in Figure 2 ). The 2S − 4P transition has a sufficiently narrow natural line width of 13 MHz (corresponding to Δv = 8 m/s at 45
• ) to resolve velocities on the level of 1 m/s.
The 4P state decays to the ground state with a 90 % branching ratio emitting a 97 nm Lyman-γ photon which can be easily detected using a channeltron. Pulsing the 486 nm laser with an AOM we achieve an interaction time of the atoms with the laser field which is independent of the atom's velocity therefore avoiding interaction time dependent distortions. We cross the 486 nm beam with the atomic beam right between the quench electrodes which are grounded for the velocity distribution measurements (Doppler laser in Figure 2 ). Using the same delayed detection as for the 1S −2S spectra allows to extract the velocity distribution of 2S atoms that contribute to the signal with delay τ . Working with the excited state directly gives the advantage of measuring the convolution of the velocity distribution with the excitation probability. Thus, it is unnecessary to simulate the excitation dynamics.
From 131 recorded Doppler profiles p τ (v, P ) -where v is the velocity and P the intra-cavity power -we calculate the second order Doppler effect for each delay τ according to Δf dp (P ) = −v
where the central velocity v c is determined by a Gaussian fit to the velocity profiles. The power dependence arises from preferred ionization losses of slow atoms by absorption of a third 243 nm photon. A linear fit to Δf dp (P ) reveals the second order Doppler effect correction. The uncertainty in the second order Doppler corrections is caused by three main sources. First, the statistical uncertainty obtained from linear regression analysis of Δf dp (P ) contributes 1.7 × 10 −15 . Second, during the velocity measurements the 1S − 2S spectroscopy laser was kept on the resonance only within ±160 Hz. MC simulation reveals an associated uncertainty of 0.8 × 10 −15 . Third, the 45
• between the atomic beam and the laser beam used to measure the velocity distribution can only be adjusted within ±1
• . This translates to an uncertainty in the second order Doppler effect of 0.8 × 10 −15 . Summing in quadrature leads to an overall uncertainty of the second order Doppler correction of 2.0 × 10 −15 .
Hyperfine Splitting and Zeeman Shift
We applying an external magnetic field of 0.5 mT to split the magnetic field insensitive hyperfine transitions 
15, 16
The hyperfine transitions F = 1, m F = ±1 → F = 1, m F = ±1 experience a Zeeman shift of ±360 Hz/mT which consequently averages to zero for equal populations in both hyperfine components. We have tested this hypothesis in a dedicated experiment. We increase the applied magnetic field by a factor of 3.25. Then, in a similar way to the modulation of the excitation power we reverse the magnetic field for every second point while sampling the 2S resonance profile. This differential measurement proves as highly stable. Within 150 profiles we can restrict the Zeeman shift to be compatible with zero within its uncertainty of Δf Zeeman /f 1S−2S = 0.38×10 −15 for the 0.5 mT field applied during a regular measurement.
RESULT
The hyperfine centroid frequency of the 1S − 2S transition is evaluated to be which represents a fractional frequency uncertainty of 4.2 × 10 −15 , a 3.3 times improvement compared to the previous best measurement. 4 Reference 17 provides a more detailed description of the analysis. Figure 4 compares this result with the previous two best measurements. 2, 4 The excess day-to-day scatter present in the previous measurements 2, 4 has been attributed to a dye-laser instability and consequently been removed.
To further improve the measurement accuracy of the 1S −2S transition we intend to implement the laser used to measure the velocity distribution directly for quenching the 2S atoms for detection. This velocity selective detection scheme will decrease the line width and lead to a more accurate characterization of the second order Doppler effect. An increased solid angle for detecting the emitted photons will greatly improve statistics.
